Abstract -Processes involved in both metamorphosis and settlement of young sole were studied at the population, cohort and individual level in order to evaluate their role in survival and recruitment regulation. Metamorphosis can be defined as a phase of variable duration (10 days on average) at the end of which the larval period of pelagic dissemination is completed. Size at the onset of metamorphosis is considerably less variable than age and is less plastic to environmental change. Metamorphosis is triggered by the acquisition of a competent size and a sufficient store of energy supplies, and occurs without a nutritional crisis or growth arrest. In addition, changes in organogenesis and behaviour that occur during metamorphosis seem to contribute to horizontal transfer, thus favouring a coastal accumulation. The initiation of estuarine colonization is controlled by the hydrological conditions in the bays and estuaries. In the northern part of the Bay of Biscay, metamorphosis does not seem to be a critical period in the life cycle of the sole. On the contrary, some of our observations suggest that it is a time of convergence, when the variability induced during the planktonic larval phase tends to decrease. It is suggested that metamorphosis initiates the processes which dampen variations of pre-recruitment number. 
INTRODUCTION
The metamorphosis of fish is a process which is initiated by ontogenetic transformations and ends when fish acquire the form and the behaviour of juveniles [68] . The planktonic larval stages last for about one to three months in the majority of flatfish species [15, 36, 51, 60] , although in certain species they can last much longer. For example, in the pleuronectid Microstomus pacificus they can last between nine months and two years [12] . In flatfish, metamorphosis is characterized by very clear morphological (e.g. eye migration and a 90°rotation in posture), anatomical and physiological transformations which give rise to new types of behaviour and induce the transition from a pelagic to a benthic lifestyle.
Metamorphosis is a stage which requires a lot of energy [7] . In a certain number of species it corresponds to a period of nutritional crisis [43, 61] , strong metabolic changes together with the slowing down of metabolic activity [68] , and a re-calibration of vision in order to detect prey [53] . All of these phenomena can increase the vulnerability of the larvae. In addition, the transition to new habitats exposes the young fish to new forms of competition and predation [29] . Toward the end of metamorphosis, young sole colonize unstable nursery ecosystems situated in bays and estuaries [48, 22] . This stage may be crucial to the survival of the new settlers due to the variable hydrological conditions in the nurseries, but also to predation and competition for space and resources [66] . This is why an increasing number of authors believe that the year class strength of many fish species is generally determined either during or just after metamorphosis [8, 36, 55, 69] . In other words, the success of the year class could depend on the success or failure during this phase. Despite these considerations, very few studies have assessed in an ecological context the importance of the processes involved in the transition to a benthic life for the control and / or regulation of recruitment [15, 50] (controlling factors or processes are defined as those that generate the among-year variability in year-class whereas regulating factors or processes reduce this among-year variability). This is surprising, given the importance of these processes particularly when the time-space window in which the larvae metamorphose is relatively large, as is the case for sole in the Bay of Biscay [1] .
This review is based mainly on results that have already been published. Our intention is to clarify the importance of two aspects of the life cycle, metamorphosis and nursery colonisation, in determining sole recruitment in the Bay of Biscay. The approach adopted in this study is to explain the potential links between how these events happen and their immediate or subsequent consequences on the fate of young sole. The results presented here are based on a series of sampling cruises in the northern part of the Bay of Biscay in 1992 and 1993 between a depth of 100 m and the mouth of the Vilaine estuary, and on a follow-up study of this estuary over several years (figure 1). The sampling procedures used during these cruises are described in detail in Amara et al. [4] , Marchand and Masson [48] and Amara and Bodin [2] . For convenience, we have used a scale of stages (4 and 5) and sub-stages (4b, 5a and 5b) to describe the main phases of metamorphosis [41] . The most obvious sign that metamorphosis has begun is the initiation of ocular migration, which is classified under sub-stage 4b. The final phase of metamorphosis takes place at sub-stage 5b. Our objectives were therefore (i) to describe metamorphic traits and to place the key stages of metamorphosis in the ecological context of the distribution of larvae and their prey, (ii) to analyse the nutritional condition of larvae during this phase, and (iii) to examine the processes involved in the estuarine colonisation.
THE ONTOGENETIC AND ECOLOGICAL CONTEXT

Size and age at the onset of metamorphosis
The 1992 and 1993 cruises provided us with the possibility to study the magnitude of the seasonal and Figure 1 . Map of the studied area, showing the onshore-offshore transect surveyed during cruises by using the 'Zébulon' and the location of the station sampled for analyses of the meiofauna. The main sole spawning grounds are indicated according to Koutsikopoulos et al. [38] (sole egg densities number per 100 m 3 : \ 10 ; a 5-10 ; 1 -5). the relatively constant size of 8. 5 ). This depends on differences in the growth rate, which in turn are correlated with temperature changes and food availability [3] . It is worth noting that in 1993 there were no seasonal variations in the age of larvae at the onset of metamorphosis ( figure 5 ). This is probably due to the fact that in 1993 temperatures were relatively stable during the period when the larvae were present, compared to the same period in 1992. According to Fage [24] , duration and size are ''specific constants'' that are modulated by ''the subtleties of life's phenomena''. Size at the onset of metamorphosis is considerably less variable than age for the Bay of Biscay sole: the coefficient of variation for size is 0.08, compared with 0.2 for age. Similar results were obtained with sole from the western part of the Channel and from the southern part of the North Sea (Amara, unpublished data). These results are in agreement with those on the age and size at metamorphosis of other flatfish species reared in hatcheries [14, 36, 56] . This phenomenon has also been demonstrated with coral reef fish [20, 49, 65] . The metamorphosis of the sole seems then to be conditioned by the acquisition of a competent size. Is this a sufficient reason to conclude that size is the determining factor for the initiation of metamorphosis as has been suggested by Policansky [56] for the Pacific plaice Platichthys stellatus and Victor [65] for the labrid Thalassoma bifasciatum? Generally speaking, a change in habitat is often more closely related to size than to age [27] . Furthermore, for a given species, ontogenetic changes are more closely related to size than to the age of the fish [16, 26] . Fish metamorphosis is a complex process involving endocrinal systems whose stimulation is under the control of climatic (temperature) and non climatic (photoperiod) factors [33, 68] . The initiation of metamorphosis in the Pleuronectidae is often associated with an increase in the secretion of thyroid hormones [35] , and this has also been observed in the sole [54] . Like Chambers and Leggett [14] , we view size as a character that describes an individual at metamorphosis rather than invoking a dependency of metamorphosis on that character. yearly variations in size and age at the onset of metamorphosis. The transect sampling also had the advantage of identifying possible gradients from the coast to the open sea [3] . The age of larvae at the onset of metamorphosis, as estimated from otolith microstructure analysis, varies between 20 and 46 days (not including the embryonic period) and their size (standard length Ls) varies between 6.9 and 10.4 mm (figure 2). There is no significant correlation between size and age at the onset of metamorphosis (r 2 = 0.02). Sole larvae begin to metamorphose at 
Modifications in vertical and horizontal distribution
A series of sole larvae samples was taken over a 28-hour period in April 1991 from a fixed station located in the outermost part of Vilaine bay (at a depth of 40 m), using alternately a supra-benthic sampler, (the 'Zébulon' [21] ) and a plankton net.
Comparing the captures of the Zébulon with those using plankton nets confirmed that the bottom ine phase in their life cycle, larval and young juvenile behaviour is often synchronised with the tides (selective tidal transport) [11, 58] . Comparisons made with the thickback sole (Microchirus 6ariegatus), a species which never leaves the continental shelf and whose entire life cycle is completed without it ever entering the littoral zone, show that the characteristics that differentiate this species from the sole (S. solea) appear during the late larval stages [6] . These include vertical distribution, the extent of nycthemeral migration and the presence or absence of a swimbladder. The swimbladder of S. solea is inflated at the beginning of metamorphosis [9] whereas it is absent in M. 6ariegatus. The swimbladder functions during the behavioural development of larvae are poorly understood. In addition to its hydrostatic function, the swimbladder could play a role in recording hydrostatic pressure variations linked to the tide [30] . Indeed the inflation of the sole's swimbladder during metamorphosis coincides with an increased sensitivity to pressure variations of tidal amplitude [45] . This supports the hypothesis put forward by F. Lagardère [39] that metamorphosing larvae could be transported toward the coast by the selective use of tidal currents, and in this way colonise the nurseries.
As for horizontal distribution, the majority of larvae that begin to metamorphose (stage 4b) are found on the continental shelf between 20 and 90 km offshore (figure 8). Nevertheless, after this stage very few metamorphosing larvae (stages 5a and 5b) are captured around the spawning ground; most captures are made near the stations that are closest to the coast [4 and 42] . This distribution pattern is also true for other species of flatfish [36] .
Meiobenthic resources beyond the coastal nurseries
The fact that the majority of larvae begin to metamorphose on the continental shelf implies either that there is a transfer of larvae to the coast during metamorphosis, or that some larvae settle offshore or perhaps even near the spawning ground. However, none of the newly settled sole have ever been captured beyond the coastal nurseries [4, 37] , in contrast to the young benthic stages of the other species of Soleidae, Microchirus 6ariegatus [6] . This begs the question as to what happens to sole that settle on the sampler picks up mainly the late larval stages. The latter are poorly represented in the water column, a situation which is exactly the opposite for the first stages of development ( figure 6 ). The distribution of captures near the sea-bed shows that larvae are more abundant during the day ( figure 7 ). This can be explained by the fact that as early as the first feeding stages (stage 2), sole larvae migrate toward the surface at night and are concentrated in the bottom layers during the day [38] . This nycthemeral vertical larval migration was observed with the same species reared in tank experiments [18] .
During development, many fish move actively and/or passively from spawning areas to coastal nurseries. In the northern Bay of Biscay, sole spawning grounds are offshore in typically marine waters, whereas nurseries are in coastal and estuarine areas. According to Koutsikopoulos et al. [38] diffusion could be responsible for most of the transport of larvae to the coast. However, recent field and experimental studies indicate that vertical migration of metamorphosing larvae and newly settled juveniles are involved in the migration from offshore spawning areas to coastal nurseries [17, 19, 42] . For species that have an estuar-bottom before they can reach the coast. In his transport hypothesis, Hjort [32] suggests that metamorphosing larvae that are transported to depths inappropriate for settlement are lost to the population. According to Gibson [29] , the availability of food and predation are the two most important factors which determine the quality of the juvenile flatfish habitat.
In 1993, we studied the meiobenthic trophic environment at five stations where sole larvae were likely to settle, lying between a depth of 100 m and the mouth of the Vilaine estuary ( figure 1 ). These stations have a high density and biomass of potential meiobenthic prey for young sole. Near the spawning ground where the majority of larvae begin to metamorphose [4] , the harpacticoid copepods, which are the preferred prey of young benthic sole [2, 13, 48] , are various and abundant (figures 9, 10). These results suggest that the fate of larvae which settle before reaching the coastal nurseries is probably not determined by the quality and the quantity of benthic food available at these depths.
NUTRITIONAL CONDITION OF METAMORPHOSING LARVAE
Nutrition and feeding rate
The feeding activity and vertical distribution of larvae are important for our understanding of the mechanisms which lead to the colonisation of coastal nurseries. For this reason, we carried out two 24-hour sampling cycles in 1993 in the outermost part of Vilaine bay [42] .
An analysis of the gut contents (stages 4b and 5a) show that metamorphosing larvae ingest mainly planktonic prey (around 80 %) (mainly copepods, cladocerans and nauplii) although some epibenthic prey (polychaetes fragments, harpacticoid copepods, small bivalves and gastropods, and very few amphipods) began to contribute to larval diet. The quantity of food ingested during each sampling cycle was analysed in terms of carbon and nitrogen content [42] . The quantity of carbon and nitrogen begins to decrease at the end of the day and is lowest at dawn, after which it starts to increase again ( figure 11 ). This indicates that larvae undergoing metamorphosis have not modified their previous feeding habits, since they continue to feed on plankton during the day and digest their prey at night. In the nurseries, sole at the end of metamorphosis (stage 5b) that are in the process of settling on the bottom continue to migrate up the water column at night. At this stage they feed on the epibenthic meiofauna (mainly harpacticoid copepods) then, with increasing age, they begin to consume the endobenthic prey that live in the top layers of the sediment [47, 2] . These results suggest that the vertical migrations observed in larvae undergoing metamorphosis or in young sole in the estuary is not related, at least directly, to their feeding activity.
Nutritional condition
Numerous studies have underlined the importance of the mortality that occurs during or just after metamorphosis [8, 36, 62 ] but very few have looked at the nutritional status (or condition) of larvae during this phase [10, 50] . The passage to a new kind of habitat exposes the young fish to new sources of competition (intra-and inter-species) and predation. As a result, the condition of the fish at the beginning of metamorphosis may determine their survival. Using the ratio of the quantity of triacylglycerol (high energy lipid reserves) to that of sterol (structural lipids ) (TAG/ ST) [28, 31] , which is a nutritional condition index that is very sensitive to starvation, we tested the hypothesis that from a metabolic point of view metamorphosis corresponds to a critical phase.
The change in the average triacylglycerol contents during ontogenic development (figure 12) shows that larvae accumulate triacylglycerol and reach metamorphosis with probably enough energy reserves to cover the extra energy requirements of this phase. Ehrlich [23] also found this with plaice. The nutritional condition of larvae at the onset of metamorphosis shows significant seasonal differences (F 3, 81 = 15.9 ; P B 0.001), but no clear pattern emerges ( figure 13 ). Nevertheless, in each of the cruises the average TAG/ ST ratio of larvae at the onset of metamorphosis was always greater than 1, the experimental value below which undernutrition is manifest in sole larvae [28] . There are yearly differences in the nutritional condition: in 1993 a much higher percentage of larvae (39 %) were in a poor nutritional condition (TAG/ST B 1) compared with 1992 (15 %).
The individual TAG/ST values of larvae at the onset of metamorphosis as a function of the distance from the coast where they were captured is shown on 14.
There is a wide distribution of values, with large variations at a single station. However, the nutritional condition of the larvae does not tend to improve along a gradient running from the open sea to the coast. Whatever the distance from the coast, the majority of larvae have a satisfactory nutritional condition (TAG/ST \ 1).
Thus from a nutritional point of view metamorphosis cannot be considered to be a critical phase for the Bay of Biscay sole. Indeed, there is no trophic crisis during this phase: the gut fullness index calculated during the two 24-hour observation cycles in 1993 show that only 16 % and 36 % of metamorphosing larvae examined had empty guts [42] . It has been shown that sole larvae are highly resistant to starvation during this developmental stage [57] . Moreover, growth is continuous during this phase; the total length (Lt) of larvae grew from 9 mm at stage 4b (onset of metamorphosis) [3] to 10 mm when they entered the Bay of Vilaine, mainly at stage 5a, and to 12 mm when they settled in the estuary at stage 5b (end of metamorphosis) [46] .
Triacylglycerols are used for energy requirements and are thus a direct measure of a larva's potential for withstanding periods of starvation [31] . If one accepts that the vulnerability of larvae to predation depends mainly on their nutritional condition [25, 44] , the lipid indexes based on triacylglycerol contents may be considered to be a measure of the probability of short and medium term survival. Based on this, our results suggest that during any given year, larvae from different cohorts probably have the same chance of survival during or just after metamorphosis. 
COLONISATION OF COASTAL NURSERIES: THE CASE OF THE VILAINE ESTUARY
Surveys were carried out from 1986 to 1990 [48, 47] and in 1992 [5] in the Vilaine estuary. These studies showed that young sole enter the estuary at the end of metamorphosis, mainly at stages 5a and 5b and as newly settled sole. Estuarine colonization takes place between the beginning of April and the month of June, with an influx to the nursery that may be concentrated in a single period (April) or be spread out from April to June [48] . In April, colonization always begins with an accumulation of young sole at the entrance of the estuary ( figure 15 ).
For plaice, Hovenkamp [34] showed that the period of larval arrival near the nursery areas and subsequent immigration and settlement is potentially criti- ine penetration. In this case, the young sole can wait in the bay, which acts as a 'transit zone'. Conversely, when the river flow is low, the wind influence is less obvious and whatever its orientation, marine waters enter the estuarine area (mainly by the bottom) favouring estuarine penetration. A comparison of the vertical distribution of metamorphosing sole and their potential predators (e.g. Pleurobrachia pileus (Ctenophora) and Aurelia aurita (Cnidaria)) at the time when the estuary is being colonized shows that the risk of mortality from predation is low due to the difference in their spatial and temporal distributions.
Moreover, an analysis of the digestive contents of the predators did not provide any evidence that sole had been ingested [48] .
The factors which determine nursery colonization are poorly understood. The role of attractants (mainly glycine-betain) in the sediment and in food has been mentioned [47] . Experiments have shown that the behaviour of metamorphosing larvae and sole juveniles may be determined by numerous factors such as light, gravity, substrate, food, salinity, pressure and currents [18] . The combined action of the currents and rheotaxis on the one hand and light and pressure on the other, probably initiates an active migration cal. In the Bay of Vilaine, the time of initiation of sole estuarine colonization can vary enormously, depending on the balance between sea water and river water, which is regulated by a combination of the direction and intensity of the winds, the river flow and the tidal cycle. A combination of a strong river flow and offshore wind is unfavourable to the estuar- that allows the young sole to enter the estuary and to settle there [19] .
Whatever the processes that determine their entry into the estuary, the estuarine system would appear to be an obligatory step in the life cycle of the sole in the studied area. This might be related to the wealth of potential prey available throughout the submerged and intertidal zones which covers a larger surface in an estuary. The young benthic stages feed there as soon as the tidal conditions make it accessible [40] and the high temperatures found in this zone are favourable to growth. From the comparison of the sole with other species whose young remain in the bay, such as the dab Limanda limanda or the solenette Buglossidium luteum, it would appear that there is a tropism towards low salinity zones, implying a specific degree of dependency on the estuary.
CONCLUSION
In the northern part of the Bay of Biscay, the metamorphosis of the sole is a particularly well adapted process which ends the pelagic dissemination phase and occurs without a nutritional crisis or growth arrest. Moreover, some of our observations suggest that this period is one of 'convergence', when the variability induced during the larval phase tends to fade. During the period just after metamorphosis, when the risk of predation depends on size [64, 67] or nutritional condition [44] , the fact that individuals from different cohorts are of a relatively similar size and have stored sufficient energy supplies (triacylglycerol) means that they all have the same probability of survival when they enter the benthic environment. Indeed, metamorphosis seems to contribute to the horizontal transfer of larvae, which favours entry into the coastal zone and colonization of the estuary. The risk of having an insufficient quantity of food during this phase or just after settlement is slight. The risk of predation by Ctenophora and Cnidaria, which are sometimes abundant in the coastal zone, is in fact low during the period when the estuary is being colonised, due to differences in spatial and temporal distribution patterns.
These conclusions run counter to the generally held idea that the slowdown in feeding and growth during flatfish metamorphosis leads to a higher mortality.
Must we conclude that in terms of what determines the recruitment of soles, metamorphosis initiates the processes which dampen variations in the number of pre-recruits that occupy the nursery, resulting in a relatively invariable recruitment [59] . Metamorphosis does not actually fulfil the criteria normally attributed to a critical phase. However, the fate of newly settled juveniles in the nursery is probably rather more uncertain. This would suggest that the year class is determined either before metamorphosis or during the juvenile period. According to Myers and Cadigan [52] , this is the case for demersal fish populations in which the variability in year class strength has its origin in the larval phase or right at the beginning of the juvenile period. The mortality which then occurs during the juvenile period, provoked by the limited space in the nurseries, only serves to reduce the fluctuations. This has also been suggested by Rijnsdorp et al. [59] and Van der Veer [63] for North Sea sole and plaice respectively.
The study of the control and regulation processes that may take place during the juvenile period will constitute the next stage of this research, and should explain the relative stability of sole recruitment in the Bay of Biscay.
